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ABSTRACT 

C u r r e n t l y ,  a  d i v e r s e  m u l t i - l a y e r e d  m a c r o a l g a l  community 
(Lobophora v a r i e q a  t a ,  C ladophorops i s  s p . ,  Halimeda spp. , 
D i c t y o t a  s p p . ,  Sarqassum s p p . )  domina tes  t h e  f o r e  r e e f  
a t  D i s c o v e r y  Bay, Jamaica,  i n  h a b i t a t s  t h a t  were c o v e r e d  
m o s t l y  by  c o r a l s  p r l o r  t o  1980.  The m a c r o a l g a l  
o v e r g r o w t h  o f  f r i n g i n g  c o r a l  r e e f s  i n  Jamaica  has  been 
s t r o n g l y  c o r r e l a t e d  wi th  r educed  g r a z i n g  due  t o  
o v e r f i s h i n g  coup led  w i t h  d i e - o f f s  o f  t h e  s e a  u r c h i n  
Diadema an ti1 la rum ("top-down" c o n t r o l  ) . However, t h e  
p o t e n t i a l  r o l e  o f  n u t r i e n t  en r i chment  ("bottom-up" 
c o n t r o l )  i n  enhanc ing  macroa lga l  biomass  h a s  n o t  been  
a d e q u a t e l y  examined.  The p r e s e n t  s t u d y  e x p l o r e d  t h e  
a d d i t i o n a l  h y p o t h e s i s ,  a s  p roposed  i n  t h e  r e l a t i v e  domi- 
nance  model ,  t h a t  because  t h e  p h a s e  s h i f t  i n v o l v e d  
m a i n l y  f r o n d o s e  macroa lgae ,  n u t r i e n t  e n r i c h m e n t  must  
a l s o  b e  a  c a u s a l  f a c t o r .  Our approach  i n v o l v e d  m u l t i -  
f a c e t e d  e x p e r i m e n t s  and a s s e s s m e n t s  including: n u t r i e n t -  
e n r i c h m e n t  b i o a s s a y s ,  a l k a l l n e  p h o s p h a t a s e  a s s a y s ,  
water-column n u t r i e n t  d e t e r m i n a t i o n s ,  i n d i c a t o r  s p e c i e s ,  
b i o t i c  c o v e r  and t i s s u e  n i t r o g e n  l e v e l s .  A l l  a p p r o a c h e s  
were consistent w i t h  t h e  h y p o t h e s i s  of  bot tom-up c o n t r o l  
v i a  i n c r e a s i n g  c o a s t a l  e u t r o p h i c a t i o n  l e a d i n g  t o  
s u p e r a b u n d a n t  m a c r o a l g a l  blooms.  T h i s  f i n d i n g  o f f e r s  a n  
a d d i t i o n a l  d imens ion  of  complex i ty  and r o b u s t n e s s  toward  
f u l l y  u n d e r s t a n d i n g  t h e  phase  s h i f t .  

INTRODUCTION 

E c o l o g i s t s  s t u d y i n g  t h e  c o n t r o l s  of  a q u a t i c  food  webs 
have used  t h e  c o n c e p t s  "bottom-up" and "top-down" t o  
d e s c r i b e  s i t u a t i o n s  where e i t h e r  r e s o u r c e  a v a i l a b i l i t y  
o r  t h e  a c t i o n s  of  consumers r e g u l a t e  t h e  s t r u c t u r e  o f  
food  webs ( e . g . ,  C a r p e n t e r  e t  a l .  1 9 8 5 ) .  A  complex 
s y n e r g y  of  bot tom-up and top-down c o n t r o l s  a r e  s i m i l a r l y  
i m p o r t a n t  on  c o r a l  r e e f s ,  where s t a n d i n g  c r o p s  of  
b e n t h i c  macroa lgae  a r e  u s u a l l y  i n c o n s p i c u o u s  on 
u n d i s t u r b e d  o l i g o t r o p h i c  sys t ems  due  t o  t h e  combined 
e f f e c t s  of low n u t r i e n t  a v a i l a b i l i t y  and i n t e n s e  g r a z i n g  
b y  h e r b i v o r o u s  f i s h e s  and i n v e r t e b r a t e s  ( i . e . ,  t h e  
r e l a t i v e - d o m i n a n c e  model,  F i g .  1 ) .  

D e s p i t e  recognition o f  t h e  complex i n t e r a c t i o n s  of  b o t h  
bot tom-up and  top-down c o n t r o l s  on c o r a l  r e e f s  ( L i t t l e r  
and L i t t l e r  1 9 8 4 ) ,  s i n g l e - f a c t o r  top-down i n t e r p r e -  
t a t i o n s  s t i l l  pe rmea te  t h e  s c i e n t i f i c  l i t e r a t u r e  con- 
c e r n i n g  t h e  c a u s e s  o f  a l g a l  ove rg rowths .  For  example,  
t h e  d r a m a t i c  "phase  s h i f t s "  on Jamaican c o r a l  r e e f s  f rom 
>50% c o r a l  c o v e r  i n  t h e  e a r l y  1970 ' s  t o  t h e  c u r r e n t  
" s p e c t a c u l a r  a l g a l  bloom" was a t t r i b u t e d  s i m p l y  t o  t h e  
e f f e c t s  o f  r educed  g r a z i n g  ( o v e r f i s h i n g ,  Diadema d i e -  
o f f )  a c c e l e r a t e d  by t h e  lmpac t  o f  H u r r i c a n e  A l l e n  i n  
1980 (Hughes 1 9 9 4 ) .  The p o s s i b l e  r o l e  of  n u t r i e n t  
e n r i c h m e n t  a s  a  concomi tan t  f a c t o r  enhanc ing  t h e  growth 
r a t e  and  c a r r y i n g  c a p a c i t y  of  t h e  m a c r o a l g a l  s t a n d i n g  
c r o p  was d i s m i s s e d  w i t h o u t  s u p p o r t i v e  d a t a .  

A l though  h e r b i v o r y  i s  a  s i g n i f i c a n t  f a c t o r  i n  t h e  
b e n t h i c  dynamics  o f  c o r a l  r e e f s ,  ~ t s  e f f e c t s  o c c u r  on 
r e l a t i v e l y  l i m l t e d  t empora l  and s p a t i a l  s c a l e s  ( H a t c h e r  
and  Larkum 1 9 8 3 ) .  I n  c o n t r a s t ,  e x p o n e n t i a l l y  expand ing  
human p o p u l a t i o n s  a r e  a c c e l e r a t i n g  c o a s t a l  e u t r o p h i c a -  
t i o n  wor ldwide  (Nixon 1 9 9 5 ) .  Cora l  r e e f s  a r e  p a r t i c u -  
l a r l y  s u s c e p t i b l e  t o  n u t r i e n t  en r i chment  due  t o  t h e  v e r y  
low t h r e s h o l d s  f o r  d i s s o l v e d  i n o r g a n i c  n i t r o g e n  (DIN; 
1.OpM) and  s o l u b l e  r e a c t i v e  phosphorus  (SRP; 0 .1pM) .  
These  l e v e l s  a r e  t h e  t h r e s h o l d  c o n c e n t r a t i o n s  n o t e d  
( B e l l  1 9 9 2 )  f o r  t h e  d e c l i n e  o f  c o r a l  r e e f s  f rom 
eutrophication and subsequen t  m a c r o a l g a l  blooms a t  
Kaneohe Bay i n  Hawaii ,  f r i n g i n g  r e e f s  of  Barbados and 
i n s h o r e  r e e f s  w i t h i n  t h e  G r e a t  B a r r i e r  Reef l a g o o n .  
These  c o n c e n t r a t i o n s  a l s o  r e p r e s e n t  n u t r i e n t  t h r e s h o l d s  
e x p e r i m e n t a l l y  d e t e r m i n e d  by  Lapo ln te  e t  a l .  (1993)  f o r  
m a c r o a l g a l  ove rg rowth  o f  s e a g r a s s  and c o r a l  r e e f  
communi t i e s  a l o n g  n a t u r a l  n u t r i e n t  g r a d i e n t s  on t h e  
B e l i z e  B a r r i e r  Ree f .  

As a  t e s t  of  t h e  s y n e r g i s t i c  " n u t r i e n t  en r i chment"  
a s p e c t s  o f  t h e  model ( F i g .  1 )  t o  e x p l a i n  t h e  increasing 
m a c r o a l g a l  blooms on Jamaican r e e f s ,  t h e  p r e s e n t  s t u d y  
c r i t i c a l l y  a s s e s s e d  r e l a t i o n s h i p s  between water-column 
n u t r i e n t  c o n c e n t r a t i o n s  and t h e  p h y s i o l o g i c a l  s t a t u s  of 
macroa lgae  on t h e  f r i n g i n g  r e e f  sys t em a t  D i scovery  Bay- 
one o f  t h e  most i n t e n s i v e l y  s t u d i e d  c o r a l  r e e f s  i n  t h e  
world  (Goreau 1 9 9 2 ) .  Our approach  i n v o l v e d  m u l t i f a c e t e d  
e x p e r i m e n t s  i n c l u d i n g  measurements o f  water-column 
q u t r i e n t  c o n c e n t r a t i o n s ,  d i v e r s i t y  o f  b i o t i c  c o v e r  from 
d e p t h s  between 0  and 50m, t i s s u e  n i t r o g e n  l e v e l s  from 
s h o r e  t o  t h e  o u t e r  r e e f  s l o p e ,  n u t r i e n t - e n r i c h m e n t  
b i o a s s a y s  t o  a s s e s s  t h e  t y p e  and d e g r e e  o f  n u t r i e n t -  
l i m i t e d  p r o d u c t i v i t y  of  predominant  r e e f  macroa lgae  and 
a l k a l i n e  p h o s p h a t a s e  a c t i v i t y  (APA) a s  a  measure  o f  t h e  
d e g r e e  o f  P - l i m i t a t i o n  o f  p r o d u c t i v i t y .  

MATERIALS AND METHODS 

The w a t e r  q u a l i t y ,  p h y s i o l o g i c a l  and e c o l o g i c a l  r e s e a r c h  
a t  D i scovery  Bay ( F i g .  2 )  was performed d u r i n g  J u l y  
1987,  a  p e r i o d  w i t h i n  t h e  " d i s e a s e  and a l g a l  blooms" 
p h a s e  i n  t h e  t r a n s i t i o n  f rom c o r a l  t o  m a c r o a l g a l  
dominance (1983  t o  p r e s e n t ;  Hughes 1 9 9 4 ) .  D i scovery  Bay 
i s  a b o u t  1.5km2 i n  a r e a  and p r o t e c t e d  from t h e  open ocean  
by a  f r i n g i n g  r e e f  f l a t  ( s e e  Goreau 1959 f o r  d e t a i l e d  
d e s c r i p t i o n )  t h a t  i s  exposed a t  extreme low t i d e s .  The 
a d j a c e n t  up land  d r a i n a g e  b a s i n  i s  porous l i m e s t o n e  and 
c o n t a i n s  numerous f i s s u r e s  and f r a c t u r e s  t h a t  p r o v l d e  

HUMAN IMPACT ++->++++++ 
GRAZING ACTIVITY (TOP DOWN CONTROL) 

I 
HIGH LOW 

1 1  

CORALS 1 TURF ALGAE 
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ALGAE MACROALGAE 

F i g .  1 :  Diagrammatic  r e p r e s e n t a t i o r i  o f  t h e  r e l a t i v e -  
dominance pa rad igm ( L i t t l e r  and L i t t l e r  1 9 8 4 ) .  Po ten -  
t i a l  dominance o f  ma jo r  space-occupying g roups  of  pho to -  
s y n t h e t i c  r e e f  o rgan i sms  i s  p r e d i c t e d  a s  a  f u n c t i o n  of 
bottom-up c o n t r o l  by long- t e rm n u t r i e n t  l e v e l s  and  t o p -  
down c o n t r o l  by h e r b i v o r y .  Grazing i s  c o n s i d e r e d  t h e  
more i m p o r t a n t  d l r e c t  c o n t r o l l e r  o f  a l g a l  s t a n d i n g  
s t o c k s  on u n d i s t u r b e d  o l i g o t r o p h i c  r e e f s ,  whereas  n u t r i -  
e n t s  s e t  t h e  p o t e n t i a l  upper  l i m i t s  t o  b iomass .  Human 
a c t i v i t i e s  i n e v i t a b l y  r educe  g r a z i n g  a n i m a l s  and i n -  
c r e a s e  n u t r i e n t  l e v e l s ,  which s h i f t s  r e e f s  f rom c o r a l  t o  
a l g a l  domina t ion  ( a r r o w s ) .  
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80' 
of domlnant Discovery Bay macroalgae by the spectro- 
photometric method described In Lapointe and O'Connell 
(1989). For comparison, APA was measured In predominant 
macroalgae at Curlew Reef, an ollgotrophic system in 
Bellze (Lapolnte et al. 1993). APA of Chaetomorpha linum 
and Sargassum polyceratium from Dlscovery Bay was also 
measured following the overnlght nutrlent pulses (des- 
crlbed above) to assess metabolic responses to DIN and 
SRP enrlchment, whlch could potentially have different 
effects on the status of P-llmlted productivity. 

- _ - - - -  To determine the offshore extent of N-enrichment, the 
widely-dlstrlbuted, dominant phaeophyte Lobophora var- 
iegata was collected from the reef crest to the outer 
fore-reef slope. The alqal tissue was returned to the 
laboratory, dried at 7 0 " ~  in an oven, pulverized and 
duplicate samples analyzed for tissue percent N on a 
Carlo-Erba Elemental Analyzer. 

l2 
Durlng June 1996, the blota and substrata along the 

P - "Goreau transect" were videotaped at rlght angles In a 
continuous north-south belt transect beginning at a 
depth of 50m and continuing upwards to the crest of the 
back reef. Multi-layered communities were peeled away 
layer by layer and recorded to permit videoscoring of 
canopy, understory and encrusting layers. In the labora- 
tory, five rectangular quadrats (-0.3m2 each) were se- 
lected for each of 14 depth zones and quantified for 
percent cover by the methods detailed in Littler et al. 
(1991a). 

Least-squares linear regression was used to determine 
significance between water-column nutrient concentra- 
tions vs. salinity, as well as tissue N content of Lobo- 
phora variegata vs. depth. The main effects and inter- 

~ i ~ .  2 :  ~ocatlon of the prlmary study site at Discovery actlons of the Pmax and APA assays were analyzed by two- 
~ a y ,  jamalca and the oligotrophlc reference sltes at To- way ANOVA. Significance reported below Indicates that 
bacco and Curlew Reefs, Bellze. the probability of the null hypothesis 1s Pc0.05. 

RESULTS 
siqnificant phreatlc inputs of qroundwater-borne N03- 
(D' Elia et al. 1981) . Sampling for dissolved inorganic 
nltrogen (DIN) and soluble reactive phosphorous (SRP) 
was conducted along a transect that extended from 
locallzed groundwater discharges (springs) near shore, 
through semi-enclosed grottos, over the back reef in 1- 
2m depths and across the reef crest to the fore reef. 
Duplicate water samples were collected from the surface 
and bottom of the water column in clean, hlgh density, 
polyethylene bottles. For comparative purposes, DIN and 
SRP concentratlons were measured from two well-studled 
ollgotrophlc reefs in Bellze (Flg. 2) to ascertain 
threshold levels (Lapointe et dl. 1993). The water 
samples were immediately filtered through combusted 
Gelman 0.45pM GF/F filters and placed on ice in the dark 
until analysls withln 1-2 days. DIN (NH4- plus N03- plus 
NOz-) concentrations were determined wlth a Technlcon 
Autoanalvzer I1 and SRP concentratlons were measured 
wlth a Bausch and Lomb Spectronic 88 fitted with a 10-cm 
cell for Increased sensitivity. Salinlty was determined 
with a Bausch and Lomb hand-held refractometer. 

The nutrient-enrichment bioassays (6 replicates ' spec- 
ies-') involved analysis of macroalgal primary produc- 
tivlty measured by changes in dissolved oxygen using 
experimental procedures described by Lapointe (1995). 
These experiments determined the effects of DIN and SRP 
enrichment on P m x  (photosynthetic capacity at llght 
saturation) for Chaetomorpha linum, Sargassum poly- 
ceratium and Lobophora variegata, which dominated 
shallow (1-2m) hard substrata on the back reef. Factor- 
ial enrlchment treatments included overnlght pulsing 
with Nos- (160pM), SRP (16.OpM), ~ 0 3 -  and SRP and a 
control (without added nutrients). These concentrations 
were high compared to ambient levels on most coral reefs 

but were only 2-fold greater than the Nos- concentrations 
in nearby spring waters (D'Elia et al. 1981). The assays 
were performed under natural irradlance on clear days 
between 1000 and 1400h. Irradlance ranged from 1400 to 

2000~unol photon~.m'~.s-~ and temperature ranged from 27 to 
2 9 " ~ .  

Alkaline phosphatase 1s an exoenzyme produced by P-defi- 
cient macroalgae that allows them to utllize ambient 
dlssolved organic phosphorus (DOP) pools as a source of 
SRP for growth; accordingly, lt 1s useful as a means to 
gauge the degree of P-limited productivity of coral reef 
macroalgae. APA ( 4  replicates) was measured on a varlety 

The surface waters at Discovery Bay during July 1987 
were enriched substantially wlth groundwater N03'. 
evidenced by buoyant salinity and NO3- stratification and 
a significant negative correlation between salinity and 
NO3- (r=-0.96; P<0.0001) along the entire study transect. 
The hlghest concentrations (-28pM) occurred in the 
lowest sallnity (28ppt) surface waters near the springs 
adjacent to the shore. N03- concentrations >4pM were 
found at oceanlc salinities (35-36ppt) on the shallow 
fore reef, indicating offshore dispersion, dilution and 
significant N enrichment from groundwater discharges. 
NH4- occurred at much lower concentrations than NOS- and 
was positively correlated (r=0.76, P=0.03) with salin- 
lty. The resulting DIN concentrations along the entire 
transect at Dlscovery Bay exceeded the eutrophication 
threshold for coral reefs, as evident when compared to 

DISCOVERY BAY JAMAICA BELIZE 

" T  

DIN 
THRESHOLD 

SPRING GROTTO BACK FORE TOBACCO CURLEW 

REEF REEF REEF REEF 

Flg. 3: Water-column levels of dlssolved inorganic nl- 
trogen over the frlnglng-reef zones at Discovery Bay and 
the two oligotrophlc reference sltes In Belize (Ilne.5 = 
ilSD, n=4). The dashed llne ~ n d ~ c a t e s  the threshold 
level for DIN llmltatlon of macroalgal growth. 
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DISCOVERY BAY JAMAICA BELIZE 
APA v a l u e s  ave raged  7 2 . 8  f13.6pM S4P r e 1 e a s e d . g  d r y  wt-' 

0 . 5  .h- '  I n  t h e  Jamaican macroa lgae ,  a lmos t  two- fo ld  h i g h e r  

t h a n  t h e  a v e r a g e  v a l u e  o f  44.0  f26.6pM SRP r e 1 e a s e d . g  

0 . 4  d r y  wt-'.h-' f o r  macroa lgae  from Curlew Reef i n  B e l i z e  
( F i g .  5 ) .  Two-way ANOVA r e v e a l e d  t h a t  SRP enr i chment  

SRP 
s i g n i f i c a n t l y  d e c r e a s e d  t h e  mean APA of  Chaetomorpha 5 0 . 3  THRESHOLD l i r u m  IF-9.7, P=0.05)  and Sargassum p o l y c e r a t i u m  
(F=23 .7 ,  P = 0 . 0 0 8 ) ,  whereas  N03- en r i chment  i n c r e a s e d  mean 

ti APA v a l u e s  I n  t h e s e  s p e c l e s ,  a l t h o u g h  t h e  i n c r e a s e s  were 
[r 0 . 2  n o t  s i g n i f i c a n t  (P-0.071. The mean APA o f  t h e  f a c t o r i a l  
V) enr i chment  t r e a t m e n t s  f o r  Chaetomorpha l inum ranged  from 

90.9pM SRP r e 1 e a s e d . g  d r y  wt- ' .h- ' for  t h e  c o n t r o l ,  56.6pM 
0 . 1  r e l e a s e d  f o r  SRP, 124.7pM f o r  Nos' dnd 12.2pM f o r  Nos- + 

SRP. For Sarqassum p o l y c e r a t i u m ,  mean APA of  t h e  e n r i c h -  
ment t r e a t m e n t s  r anged  from 73.4pM SRP r e 1 e a s e d . g  d r y  wt- 

0 

SPRING GROl lO BACK FORE TOBACCO CURLEW 
'.h-' f o r  t h e  c o n t r o l ,  30.1pM r e l e a s e d  f o r  SKP, 8 1 . 1 ~ ~  

REEF REEF REEF REEF 
f o r  Nos- and 37.9pM f o r  NO3- + SRP e n r i c h m e n t .  

F i g .  4 :  Water-column l e v e l s  of s o l u b l e  r e a c t i v e  phos- 
phorus  o v e r  t h e  f r i n g i n g - r e e f  zones  a t  D i scovery  Bay and  
t h e  two o l i g o t r o p h l c  r e f e r e n c e  s i t e s  l n  B e l i z e  ( l i n e s  - 
klSU, n = 4 ) .  The dashed  l i n e  i n d i c a t e s  t h e  t h r e s h o l d  
l e v e l  f o r  SRP l i m i t a t i o n  of macroa lga l  growth.  

more o l i g o t r o p h i c  w a t e r s  o f  t h e  B e l i z e  B a r r l e r  Reef 
( F l g .  3 ) .  A n e g a t l v e  c o r r e l a t i o n  ( r = - 0 . 9 3 ;  P=0.0008)  
a l s o  was n o t e d  f o r  SKP v e r s u s  s a l i n i t y ,  w i t h  c o n c e n t r a -  
t l o n s  r a n g i n g  from -0.33pM nea r  t h e  s p r i n g s  t o  n e a r  
0.10pM on t h e  f o r e  r e e f ;  t h u s ,  t h e  SRP c o n c e n t r a t i o n s  
a l s o  exceeded  t h e  e u t r o p h i c a t i o n  t h r e s h o l d  ( L a p o i n t a  e t  
d l .  1 9 9 3 ) .  i n  c o n t r a s t  t o  t h e  o l i g o t r o p h i c  w a t e r s  o f  
Tobacco Reef and  Curlew Reef ( F i g .  4 )  . The h i g h  
c o n c e n t r a t i o n s  o f  NO3 r e l a t l v e  t o  SRP, e s p e c i a l l y  n e a r  
t h e  s p r i n g s ,  r e s u l t e d  i n  a  s i g n i f i c a n t  n e g a t i v e  c o r r e l a -  
t i o n  ( r = - 0 . 9 6 ,  P=0 .0001)  o f  t h e  DIN:SRP r a t i o  w i t h  
s a l i n i t y ,  which r anged  from 103 i n  t h e  g r o t t o  t o  33 on 
t h e  f o r e  r e e f .  

Pmax o f  b a c k - r e e f  macroa lgae ,  i n c l u d i n g  t h e  phaeophy tes  
Sa rgassum p o l y c e r a t i u m  and Lobophora v a r i e g a t a  and  t h e  
c h l o r o p h y t e  Hallmeda o p u n t l a ,  showed no e f f e c t s  o f  DIN 
and SRP e n r i c h m e n t .  I n  c o n t r a s t ,  Pmax of Chaetomorpha 
l i n u m  d e m o n s t r a t e d  s i g n i f i c a n t  e f f e c t s  o f  SRP e n r i c h -  
ment (F=144, P<0 .0001)  a l t h o u g h  t h e  e f f e c t s  of NO? and  
t h e  Nos- + SRP interaction w r r e  n o t  s l g n l f i c a n t .  The mean 
Pmax v a l u e s  f 3 r  t h e  f a c t o r i a l  en r i chment  t r e a t m e n t s  
r anged  from a  low of 3.82mg C.g d r y  wt-'.h-' f o r  t h e  
c o n t r o l ,  t o  5 .94  f o r  SRP, 4 .64 f o r  Nos- and 6 . 7 4  f o r  NOn' 
+ SRP. 

T i s s u e  N o f  t h e  c o v e r  dominant ,  Lobophora v ~ r i e g a t a  
( F l g .  6 )  d e c r e a s e d  w l t h  i n c r e a s i n g  d e p t h  on t h e  f o r e  
r e e f  a t  D i scovery  Bay. The N c o n t e n t  r anged  from a  
maximum v a l u e  o f  - 0 . 8 %  d t  3m on t h e  s h a l l o w  f o r e  r e e f  t o  
a  minimum o f  0 .455  a t  36m IFlg.  6 ) .  L i n e a r  r e g r e s s i o n  
showed a  h i g h l y  s i g n i f i c a n t  and  p o s i t i v e  c o r r e l a t i o n  
( r = 0 . 9 9 ,  P<0.00011 between t h e  t i s s u c  N and  d e p t h  
( c o r r e l a t e d  w i t h  d l s t a n c e  o f f s h o r e ) .  

Overa l l  b i o t i c  cove r  ( T a b l e  1 )  was dominated by f r o n d o s e  
phaeophy tes  and c h l o r o p h y t e s  wi th  mean cover  o f  83%. 
approach ing  o r  exceed ing  100% c o v e r  above 24m. By 
comparison,  he rma typ ic  c o r a l s  cove red  o n l y  7% wi th  two 
a r e a s  o f  peak abundance,  i . e . .  t h e  upper  s p u r  and g roove  
zone and t h e  r e e f  r i d g e  below t h e  3011-deep sand  channe l  
( T a b l e  1 ) .  Lobophora v a r i e y a t a  was t h e  dominant  s i n g l e  
o rgan i sm w i t h  358 mean cover ,  r e l a t i v e l y  u n i f o r m l y  
distributed over  t h e  e n t i r e  d e p t h  r ange ,  f o l l o w e d  by 
Cladophorops i s  s p .  ( 1 8 % )  and Halimeda s p p .  ( 1 6 % ) .  The 
l a s t  two reached  peak abundances  a t  s h a l l c w  f o r e - r e e f  
d e p t h s  ( T a b l e  I), a l o n g  w i t h  C l c t y o t a  s p p .  ( 8 % )  and 
Sarqassum s p p .  ( 2 % ) .  Sargassum p o l y c e r a t i u m  predominated 
on t h e  upper  s p u r s  w h i l e  Saraassum h v s t r i x  o c c u r r e d  i n  . - 
t h e  d e e p e r  zone.  C o r a l l i n e  a l g a e  were  abundant  ( 3 5 %  mean 
c o v e r )  b u t  d i f f i c u l t  t o  q u a n t i f y  a c c u r a t e l y  b e n e a t h  t h e  
m o s t l y  m u l t i l a y e r e d  f r o n d o s e  m a c r o a l g a l  c a n o p i e s .  
I m p o r t a n t l y ,  microscopic a l g a e  and a l g a l  t u r f s  were n o t  
abundant  r e l a t i v e  t o  t h e  predominant  f rondose  m a c r o a l g a l  
fo rms .  Sponges,  w i t h  3% mean cover ,  r eached  maxlmal 
abundances  below t h e  lower  s p u r  zone.  The s h a l l o w  back-  
r e e f  f l a t  was mos t ly  covered  by t h e  s e a g r a s s  T h a l a s s l a  
t e s tud inum;  however, n e a r l y  a l l  ha rd  s u b s t r a t a  were  
dominated by t h e  h y p e r e u t r o p h l c  i n d i c a t o r  s p e c i e s  
Chaetomorpha l inum and D i c t y o s p h a e r i a  c a v e r n o s a .  

DISCOVERY BAY JAMAICA CURLEW CAY BELIZE 

7 1 2 0 t  

F i g .  5 :  A l k a l l n e  p h o s p h a t a s e  a c t i v i t y  o f  macroa lgae  f r o n  Discovery  Bay and from t h e  o l i g o t r o p h i c  r e f e r e n c e  

s i t e  a t  Curlew Cay, B e l i z e .  Va lues  r e p r e s e n t  means i l S D  ( n = 4 ) .  
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DISCUSSION 

R e s u l t s  o f  t h i s  s t u d y  d l d  n o t  f a l s i f y  t h e  h y p o t h e s i s  
t h a t  n u t r i e n t  en r i chment  was a n  i m p o r t a n t  s y n e r g i s t i c  
f a c t o r  responsible f o r  t h e  i n c r e a s e d  p r o d u c t i v i t l e s  
(g rowth  r a t e s )  and s t a n d l n g  c r o p s  of  macroa lgae  on r e e f s  

a t  D i scovery  Bay. The DIN and SRP c o n c e n t r a t i o n s  ( F i g s .  
3 and 4 )  were a t  o r  exceeded -1.OpM and O.lpM, r e s p e c -  
t i v e l y ,  above which a l g a l  overgrowth b e g i n s  t o  o c c u r  
( B e l l  1992; L a p o l n t e  e t  a l .  1 9 9 3 ) .  The DIN and SRP con- 
c e n t r a t l o n s  a t  D i scovery  Bay measured d u r l n g  t h i s  s t u d y  
rank  among t h e  h i g h e s t  c o n c e n t r a t i o n s  r e p o r t e d  f o r  c o r a l  
r e e f s  worldwide and e x p l a i n  why such  i m p r e s s i v e  macro- 
a l g a l  biomass  now domina tes  t h i s  e u t r o p h i c  r e e f  sys t em.  

The p o t e n t i a l  f o r  e u t r o p h i c a t i o n  a t  D i scovery  Bay was 
documented by widespread groundwater  i n p u t s  of  Nos- i n  
c o n j u n c t i o n  w l t h  predictions ( D ' E l i a  e t  a l .  1981)  o f  
i n c r e a s e d  SRP enr i chment  a s s o c i a t e d  w i t h  e x p o n e n t i a l  
human p o p u i a t i o n  growth and sewage p o l l u t i o n .  I r o n -  
~ c a l l y ,  t h e  Nos- and SRP c o n c e n t r a t i o n s  r e p o r t e d  by 
D ' E l i a  e t  a l .  11981) f o r  t h e  back- ree f  h a b i t a t s  were  a l l  
above 2 .0  and 0.15pM, r e s p e c t i v e l y ;  c o n c e n t r a t i o n s  t h a t  
a l r e a d y  exceeded  c r i t i c a l  n u t r i e n t  t h r e s h o l d s  f o r  
e u t r o p h l c a t l o n .  T h i s  f i n d l n g  e x p l a i n s  why t h e  Jamaican 
m a c r o a l g a l  blooms began expanding I n  t h e  e a r l y  1 9 8 0 ' s  
th roughou t  t h e  b a c k - r e e f  communit ies  (T .  J. Goreau, 
p e r s .  c o r n . ) ,  p r i o r  t o  t h e  d i e - o f f  o f  Diadema i n  1983.  

Our n u t r i e n t  d a t a ,  i n  c o n j u n c t i o n  wi th  t h o s e  of D 'E l i a  
e t  a l .  ( 1 9 8 1 ) ,  s u g g e s t  t h a t  n u t r i e n t  c o n c e n t r a t i o n s  
i n c r e a s e d  i n  t h e  back r e e f  d u r i n g  t h e  1980 ' s  and 
s p a t i a l l y  s p r e a d  o f f s h o r e ,  e l e v a t i n g  DIN and SRP l e v e l s  
on t h e  f o r e  r e e f  above c r i t i c a l  t h r e s h o l d s .  The SRP 
c o n c e n t r a t i o n s  i n  g roundwate r -en r i ched  s e a w a t e r  ( 2 8 p p t )  
i n  t h e  g r o t t o  r e p o r t e d  by D 'E l i a  e t  a l .  ( 1 9 8 1 )  was 
-0.25pM, a  v a l u e  lower  t h a n  t h e  a v e r a g e  o f  U.33pM d u r i n g  
t h e  p r e s e n t  s t u d y  i n  1987.  SRP c o n c e n t r a t i o n s  were a l s o  
--0.10pM on t h e  f o r e  r e e f ,  indicating t h a t  t h i s  o f f s h o r e  
h a b i t a t  was a t  t h e  SRP t h r e s h o l d  i n  t h e  l a t e  1 9 7 0 ' s .  The 
a v e r a g e  Nos- c o n c e n t r a t i o n  f o r  t h e  o u t e r  back r e e f  was 
-2.OpM i n  t h e  l a t e  1970 ' s  ( D ' E l i a  e t  a l .  19811, approx-  
i m a t e l y  h a l f  t h a t  measured on t h e  f o r e  r e e f  d u r i n g  t h i s  
s t u d y .  More r e c e n t  DIN and SRP measurements  n e a r  o u r  
b a c k - r e e f  s t a t l o n  a v e r a g e d  7.27pM and 0.27pM between 
November 1987 and May 1988 and 5.67pM and 0.45pM between 
A p r i l  and June 1989.  Measurements f o l l o w i n g  a  r a i n  e v e n t  
on 27 May 1989 a t  t h l s  s t a t i o n  showed h i g h l y  e l e v a t e d  
DIN and SRP c o n c e n t r a t i o n s  of  24.12pM and l.OlpM, 
r e s p e c t i v e l y  ( M a c f a r l a n e  1 9 9 1 ) .  The r e l a t i v e l y  h i g h  
t i s s u e  N c o n t e n t  o f  t h e  domlnant  o rgan i sm,  Lobophora 
v a r i e g a t a ,  on t h e  f o r e  r e e f  t o  24m, conf i rmed  t h e  wide-  
s p r e a d  lmpac t  o f  n e a r s h o r e  groundwater  d i s c h a r g e s  on 
r e e f  me tabo l i sm.  

DEPTH (m) 

Flg. 6 :  Ni t rogen  c o n t e n t  o f  Lobophora v a r i e g a t a  v e r s u s  
-- 

d e p t h  showing t h e  s e q u e s t e r i n g  of  h i g h  l e v e l s  o f  N a t  
o f f s h o r e ,  l i g h t - l i m i t e d  d e p t h s  on t h e  Discovery Bay 
f r i n g i n g  r e e f ;  s l o p e  of N c o n t e n t  ( p e r c e n t  d r y  w t )  = 
0.80375-U.O008BD, where D i s  t h e  d e p t h  i n  m e t e r s  
(R=0.99,  n = 2 ) .  

The s i g n i f i c a n t  Nos- and concomi tan t  s a l i n i t y  s t r a t i f i c a -  
t i o n  t h r o u g h o u t  t h e  s t u d y  a r e a  a t  D i scovery  Bay shows 
t h a t  n u t r i e n t s  d e r i v e d  from submarine g roundwate r  
d i s c h a r g e s  and s p r i n g s  a l o n g  t h e  s h o r e  a r e  t r a n s p o r t e d  
o f f s h o r e  a s  buoyant  p lumes .  The g roundwate r -borne  Nos- 
was h i g h l y  e n r i c h e d  i n  t h e  r e d u c e d - s a l i n i t y  s u r f a c e  
w a t e r s ,  which became p r o g r e s s i v e l y  d i l u t e d  a s  t h e y  mixed 
w i t h  more o f f s h o r e ,  h i g h e r - s a l i n i t y  s e a w a t e r  l o w e r  i n  
Nos-. O f f s h o r e  d i s p e r s i o n  and d i l u t i o n  c l e a r l y  emphas ize  
t h e  open c o n n e c t i o n  of  t h i s  sys t em w i t h  o c e a n i c  w a t e r s  
and e x p l a i n  t h e  l a c k  of p l a n k t o n i c  food-web b u i l d - u p  
( c f .  Kaneohe Bay, Smith e t  a l .  1981)  and p a u c i t y  o f  
b e n t h i c  f i l t e r  f e e d e r s  ( e . g . ,  sponges  = o n l y  3% c o v e r ) .  
The e f f e c t s  o f  t h e s e  N i n p u t s  f rom n e a r s h o r e  g roundwate r  
discharges were e v i d e n t  ( F i g .  6 )  i n  t h e  h i g h e r  t i s s u e  N 
c o n t e n t  o f  Lobophora v a r i e g a t a  on t h e  s h a l l o w  f o r e  r e e f  
( above  24m) compared t o  t h e  d e e p e r  f o r e - r e e f  s l o p e  

p o p u l a t i o n s .  T h l s  t r e n d  o f  d e c r e a s i n g  t i s s u e  N c o n t e n t  
w i t h  i n c r e a s i n g  d e p t h  and l i g h t  a t t e n u a t i o n  i s  o p p o s i t e  
p r e d i c t i o n s  b a s e d  on c o n t r o l l e d  p h y s i o l o g i c a l  s t u d i e s  
( L a p o i n t e  and Duke 1984)  t h a t  showed i n c r e a s e d  t i s s u e  N 
a s s o c i a t e d  w i t h  r educed  i r r a d i a n c e  and growth,  f u r t h e r  
emphas iz ing  t h e  significant i n f l u e n c e  of  DIN i n  promo- 
t i n g  r a p i d  growth o f f s h o r e .  I n  a d d i t i o n  t o  o f f s h o r e  N 
d i s p e r s i o n  v i a  bouyan t  s u r f a c e  plumes, l o w - s a l i n i t y  
hlgh-Nos- p o r e  w a t e r s  have been found ( P i g o t t  and Land 

T a b l e  1 .  D i scovery  Bay t r a n s e c t  summary g l v i n g  p e r c e n t  cove r  of  dominant b e n t h i c  o rgan i sms  a s  a  f u n c t i o n  of  
d e p t h .  Layer ing  of  p o p u l a t i o n s  r e s u l t e d  i n  > l o o f  c o v e r  i n  t h e  s h a l l o w e r  communit ies  (n=5 - d e p t h  i n t e r v a l - ' ) .  

Depth Intervals (m) 

0.0- 31- 6.1- 9.1- 12.1- 15.1- 18.1- 21.1- 24.1- 30.1- 33.1- 36.1- 43.1- 46.1 
Taxa 3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 30.0 33.0 36.0 43.0 46.0 50.0 

(upper (lower (sand (ridge) 
spur) spur) channel) 

Hermatypic corals 4 12 18 1 1 2 1 10 10 2 18 4 14 6 
Sponges 1 0 2 0 1 0 3 2 9  1 2 8 6 6  
Gorgonians 1 0 0 0 0 0 0 1  1 0 2 8 6 6  
Cruslose corallines 37 48 22 26 12 18 12 5 10 0 12 26 15 17 
Frondose macroalgae 

Lobophora variegata 37 42 41 25 30 28 46 57 34 3 36 42 35 32 
Sargassum spp. 1 2 8 4 0 0 0 0 4 0  0 0 0 0 0  
Dictyota spp. 5 6 4 8 4 0 0 0 0 3 0  0 0 0 0 0  
Halimeda spp. 29 27 26 22 29 32 16 10 2 0 1 0 2 7 6  
Cladophoropsis sp. 34 43 28 47 37 32 25 8 0 0 0 0 0 0  
Other macroalgae 1 2 2 3 9 2 7 1 2 8 4  2 2 2 1 0  

Total frondose algae 180 170 106 103 98 99 99 90 40 5 48 46 44 32 
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1 9 8 6 )  i n  f o r - - r e e f  sed imen t s  a t  Discovery Bay, 
s u g g e s t i n ?  t h a t  N03--r:ch g roundwate r s  a r e  s e e p i n g  
t h r o u g h  t h e  f o r e  r e e f  i t s e l f .  These  d a t a ,  c l e a r l y  
s h o w i ~ i g  t h a t  e x t e n s i v e  a r e a s  o f  t h e  Discovery  Bay 
f r i n g i n g  r e e f s  t o  d e p t h s  of a t  l e a s t  24m a r e  b e i n g  
a t f e c t e d  by groundwater  DIN e n r i c h m e n t ,  a r e  t h e r e f o r e  
q u l t e  unequivocal. 

The h igh  concentrations of Nos- i n  combina t ion  wi th  r e l a -  
t i v e l y  low c o n c e n t r a t i o n s  of SRP i n  t h c s e  g roundwate r s  
( D ' E l l a  e t  a l .  1981)  r e s u l t e d  i n  t h e  h l g h  D1N:SRP r a t i o s  
- 0 0 :  o f  t h e  d i s c h a r g e s  and t h e  pronounced P-  
l i m i t a t i o n  o f  m a c r c a l g a l  g rowth .  The h i g h  APA v a l u r s  o f  
a l l  macroa lgae  a s s a y e d  ( F l g .  5 : .  e s p e c i a l l y  Chaeto-  
rnorphj. linurn, D i c t y o t a  s p .  and  Lobophora v a r i e g a t a ,  
r e p r e s e n t  p h y s i o l o g i c a l  r e s p o n s e s  t o  t h l s  d y s t r o p h i c  N- 
r i c h  env i ronment ;  t h e  h igh  APA a l l o w s  t h e s e  s p e c i e s  t o  
u t i l i z e  d i s s o l v e d  organophosphorus  compounds a s  a d d i -  
t i o n a l  s o u r c e s  o f  P t o  a c h i e v e  b a l a n c e d  g rowth .  L igh t -  
s a t u r a t e d  p h o t o s y n t h e s i s  IPmax) o f  t h e  c h l o r o p h y t e  
Chaetomorpha l inum was enhanced by  SRP enr i chment ,  
s u g g e s t i n g  t h a t  F-enr ichment  of t h e  back r e e f  h a s  
enhanced  blooms o f  t h i s  h y p e r e u t r o p h i c  i n d i c a t o r  s p e c i e s  
( L a p o i n t e  e t  a l .  19931, and  a n o t h e r - D i c t y o s p h a e r i a  
c a v e r n o s a  ( "g reen  bubb le  weedf ' ) - that  overgrew c o r a l  
r e e f s  i n  Kaneohe Bay, Hawaii,  a s  a  r e s u l t  of sewage and  
u r b a n  p o l l u t i o n  (Banner 1 9 7 4 ) .  N u t r l e n t  e n r l c h n e n t  
t h r o u g h o u t  t h e  p a s t  decade  has  a l l o w e d  such s p e c i e s  t o  
ove rg row and  smother  mass ive  h e r m a t y p l c  c o r a l s ,  e . g .  
M o n t a s t r e a  a n n u l a r i s ,  i n  t h e  back  r e e f  (BEL, p e r s .  
obs  . ) . The l o n g e r - l i v e d  forms,  Sa rqassum p o l y c e r a t i u m  
a n d  C l a d o p h o r o p s i s  s p . ,  a l s o  have  r e sponded  t o  i n c r e a s e d  
SRP c o n c e n t r a t i o n s  by expanding t h e i r  o f f s h o r e  d i s t r i b u -  
t i o n  and c o v e r  from n e a r s h o r e  s p r i n g  and back- ree f  
h a b i t a t s  i n  t h e  e a r l y  1980 ' s  Lo more o f f s h o r e  f o r e - r e e f  
h a b i t a t s  now s h a r e d  w i t h  blooms of D i c t y o t a  s p p . ,  
S a r g a s s u n  h y s t r i x  and Lobophora v a r i e g a t a  ( T a b l e  1 ) .  The 
phaeophy te ,  S. f i l i p e n a u l a ,  and  t h e  c h l o r o p h y t e  E n t e r o -  
morpha chae tomorpho ides ,  a l s o  overgrew f r i n g i n g  c o r a l  
r e e f s  on t h e  s o u t h w e s t  c o a s t  o f  M a r t i n l q u e  d u r i n g  t h e  
l a t e  1 9 8 0 ' s  a s  a  r e s u l t  o f  P -en r i chment  a s s o c i a t e d  w i t h  
c u l t u r a l  e u t r o p h i c a t i o n  ( L i t t l e r  e t  a l .  1 9 9 3 ) .  Rhodo- 
p h y t a  a r e  t y p i c a l l y  abundant  components o f  t h e  a l g a l  
community on u n d i s t u r b e d  o l i g o t r o p h i c  c o r a l  r e e f s  
( L l t t l e r  e t  a l .  1987)  and t h e i r  p a u c i t y  l n  t h e  t r a n s e c t  
b i o t a  ( T a b l e  I )  is a  f u r t h e r  i n d i c a t i o n  of p ro longed  
e l e v a t e d  n u t r i e n t  l e v e l s ,  a s  i s  t h e  predominance o f  
m a c r o a l g a l -  v s .  t u r f - a l g a l  forms ( p r e d i c t e d  i n  F ig .  1 ) .  

The e v i d e n c e  s u g g e s t s  t h a t  b o t h  DIN and S R P  c o n c e n t r a -  
t i o l l s  t h r o u g h o u t  t h e  back r e e f  had been above c r i t l c a l  
t h r e s h o l d s  f o r  ove r  a  decade  when a  major  p h y s i c a l  
d i s t u r b a n c e - H u r r i c a n e  A l l e n - s t r u c k  i n  1980.  T h i s  h u r r i -  
c a n e  c a u s e d  s e v e r e  damage t o  t h e  r e e f ,  e s p e c i a l l y  t h e  
c r e s t  zone (0-6m) p r e v i o u s l y  domina ted  by luxuriant 
s t a n d s  of t h e  e l k h o r n  c o r a l  Acropora  p a l m a t a  (Wocdley 
1 9 8 0 ) .  Al though t h e  p h y s i c a l  d i s t u r b a n c e  was d r a m a t i c ,  
i t  was n o t  c o n s i d e r e d  t o t a l l y  destructive and r e c o v e r y  
was e x p e c t e d  t o  o c c u r  ''in a  few yea r s" -desp i t e  t h e  
m a s s i v e  blooms of v a r i o u s  g r e e n  t u r f  a l g a e  (Woodley 
19EO).  C o r a l s  compete f o r  s p a c e  w i t h  macroa lgae  and t u r f  
a l g a e  and t h e  c o m p e t i t i v e  outcomes a r e  i n f l u e n c e d  by 
r e l a t i v e  growth r a t e s  and n u t r i e n t  availability I F i y .  
1 ) .  The r e d u c t i o n  o f  u p r i g h t  c o r a l s  t o  r u b b l e  a t  a  t i m e  
when n u t r i e n t  l e v e l s  were above c r i t i c a l  t h r e s h o l d  
c o n c e n t r a t i o n s  f o r  maximum m a c r o a l g a l  growth,  a l l o w e d  
t h e  f a s t e r  d e v e l o p i n g  macroa lgae  t o  p h y s i c a l l y  
uu tcompe te  t h c  c o r a l s  and t u r f  a l g a e  a s  p r e d i c t e d  I n  
F i g .  1 .  E u t r o p h i c a t l o n  n o t  o n l y  i n c r e a s e s  t h e  biomass  o f  
macroa lgae ,  b u t  a l s o  r e d u c e s  t h e  r e p r o d u c t i v e  c a p a c i t y  
o f  h e r m a t y p i c  r e e f  c o r a l s  (Tomascik 1991)  and i n h i b i t s  
c o r a l  l a r v a l  s e t t l e m e n t  and s u r v i v a l  ( B i r k e l a n d  1 9 7 7 ) .  
A l l  of t h e s e  f a c t o r s ,  d r i v e n  by e u t r o p h i c a t i o n  
p r o c e s s e s ,  p r o v l d e  a  more r o b u s t  e x p l a n a t i o n  f o r  t h e  
r e p l a c e m e n t  o f  c o r a l s  by macroa lgae  on r e e f s  a t  
D i scovery  Bay ( c f .  Hughes 1 9 9 4 ) .  

I n  a d d l t i o n  t c  t h e  d a t a  supporting bottom-up c o n t r o l  o f  
m a c r o a l g a l  growth a t  D i scovery  Bay, f u r t h e r  i n f o r m a t i o n  
e x i s t s  t o  modr ra t e  t h e  "top-down" i n t e r p r e t a t i o n  of 
Hughes 11994) .  Th i s  e v i d e n c e  i n c l u d e s  t h e  f a c t  t h a t  f i s h  
p o p u l a t i o n s  on t h e  deep  f o r e  r e e f  (be low 15m) were 
o v e r f l s h e d  by l n t e n s l v e  use  o f  f i s h  t r a p s  i n  t h e  1960 ' s  
(Munro 19831, long  b e f o r e  t h e  widespread  and mass lve  

blooms o f  Sarqassum p o l y c e r a t l u m  deve loped  on t h e s e  
r e e f s  i n  t h e  l a t e  1 9 8 0 ' s .  Fzsh and  u r c h l n  g r a z i n g  hdve 
n e v e r  p l a y e d  a  s u b s t a n t i a l  r o l e  i n  t h e  r e e f - c r e s t  a r e a  
a s  w e l l  (Mor r i son  19861 due  t o  t h e  t u r b u l e n t  wave 

a c t i o n .  Fur the rmore ,  t h e  mass m o r t a l i t y  o f  Diadema 
o c c u r r e d  i n  1985,  y e a r s  p r i o r  t o  t h e  e x p a n s l o r  o f  
Chaetomorpha l inum and Sarqassum p o l y s e r a  tluin f rom 
restricted a r e a s  a r o u r d  g r o t t o s  i n  t h e  back r e e f  o n t o  
t h e  f o r e  r e e f .  Experimental s t u d l e s  d u r i n g  t t ie  1980 ' s  a t  
D i scovery  Bay (Morr ison 1988) showed t h a t  w h i l e  Diadema 
p l a y e d  a  significant r o l e  i n  s t r u c t u r i n g  t h e  s h a l l o w  
(above  10m) communit ies  on s m a l l  s p a t i a l  s c a l e s ,  t h l s  

was n o t  t h e  c a s e  f o r  communities below 15m; t h e s e  
s t u d i e s  were  pe r fo rmed  d u r l n g  a  p e r i o d  o f  h i q h  Diadema 
densities when many h a b i t a t s  had hlgh s t a n d i n g  c r o p s  o f  
macroa lgae .  Hence, t h e r e  1 s  i n c o n s i s t e n c y  i n  t h e  
t i m e l i n e  between reduced  h e r b i v o r y  from o v e r f i s h i n g  a n d  
mass ive  m a c r o a l g a l  overgrowth i n  b o t h  s h a l l o w  and  d e e p  
h a b i t a t s .  These o b s e r v a t i o n s  f u r t h e r  r e i n f o r c e  t h e  
c o n c l u s i o n  t h a t  r educed  h e r b i v o r y  c o u l d  n o t  have  been  
t h e  o n l y  f a c t o r  c a u s i n g  t h e  mass ive  m a c r o a l g a l  blooms 
t h a t  deve loped  on r e e f s  a t  D i scovery  Bay. 

The e v i d e n c e  p r e s e n t e d  h e r e  adds  a  f u r t h e r  d imens ion  o f  
c o m p l e x i t y ,  augment ing Hughes (1994)  c o n c l u s i o n  t h a t  t h e  
a l g a l  blooms i n  Jamaica i m p l i c a t e  l o s s  o f  h e r b l v o r y .  The 
argument  t h a t  r educed  h e r b i v o r y  f rom o v e r f i s h i n g  and t h e  
Dladema d i e - o f f  a r e  c o r r e l a t e d  w i t h  t h e  i n c r e a s e d  
m a c r o a l g a l  biomass  on Jamalcan c o r a l  r e e f s  i s  made more 
c o m p e l l i n g  by i n c l u s i o n  of t h e  s y n e r g i s t i c  r o l e  o f  
n u t r i e n t  en r i chment  ( F i g .  1 ) .  I n  a d d i t i o n ,  p r e v i o u s  e v i -  
dence  of widespread  n u t r i e n t  en r i chment  a t  D i scovery  Bay 
( D ' E l i a  e t  d l .  1981)  a l s o  l e a d s  t o  t h e  obv ious  a l t e r n a -  
t i v e  h y p o t h e s i s  o f  t h e  impor tance  of bot tom-up c o n t r o l  
on c o r a l  r e e f s  ( L i t t l e r  and L i t t l e r  i 9 8 4 ;  L i t t l e r  e t  a l .  
1 9 9 1 b ) .  The locations of  most  o f  t h e  m a c r o a l g a l  domin- 
a t e d  h a b i t a t s  c i t e d  by Hughes (1994)  s u g g e s t  l a r g e - s c a l e  
n c n - p o i n t - s o u r c e  n u t r i e n t  l o a d i n g  a s s o c i a t e d  w i t h  
d e f o r e s t a t i o n ,  sewage, a g r i c u l t u r a l  and i n d u s t r i a l  
development  ( Johannes  1975; Nixon 1 9 9 5 ) .  A l l  o f  t h e s e  
s o u r c e s  i n c r e a s e d  a l o n g  Jamaica ' s  c o a s t  o v e r  t h e  p a s t  
decades  and,  h y p o t h e t i c a l l y ,  c o n t r i b u t e d  t o  n u t r i e n t  
ove r -en r i chment ,  g i v i n g  r l s e  t o  t h e  m a c r o a l g a l  blooms 
t h a t  now domina te  t h e s e  degraded  c o r a l  r e e f s .  

I n  c o n c l u s i o n ,  t h i s  s t u d y  a f f i r m s  t h e  need  t o  adop t  
b r o a d  t h e o r e t i c a l  approaches  t o  t e s t i n g  management- 
r e l a t e d  hypo theses  r e g a r d i n g  t h e  d e g r a d a t i o n  o f  c o r a l  
r e e f s .  As p o i n t e d  o u t  by Dayton and  O l i v e r  119821, 
s c i e n t ~ s t s  s h o u l d  c o n s t a n t l y  gua rd  a g a i n s t  p r e c o n c e i v e d  
concepLs,  r e s e a r c h  d e s i g n e d  t o  v e r i f y  r a t h e r  t h a n  
f a l s i f y  h y p o t h e s e s  and narrow approaches  t h a t  do n o t  
t e s t  n u l t i p l e  hypo theses ,  which can l e a d  t o  a c c e p t i n g  
oversimplified h y p o t h e s e s .  While t h i s  i s  u n h e a l t h y  f o r  
s c i e n c e  I n  g e n e r a l ,  i t  can  be d e v a s t a t i n g  f o r  c o r a l  r e e f  
conservation, e s p e c i a l l y  I n  t o d a y ' s  wor ld  when beauro -  
c r a t s  and r e s o u r c e  managers o f t e n  look  f o r  a  p o l i t i c a l l y  
expedient "qu ick  f i x " .  Hughes'  (1994)  c o n c l u s i o n  t h a t  a  
ban on f i s h  t r a p s  i s  needed t o  s a v e  Jamaican c o r a l  r e e f s  
f rom m a c r o a l g a l  overgrowth 1 s  e x t r e n e l y  i m p o r t a n t ,  b u t ,  
u n f o r t u n a t e l y ,  i m p l i e s  t o  managers t h a t  t h e  e f f e c t s  of 
e u t r o p h l c a t i o n  a r e  r e l a t i v e l y  mlnor .  The e v i d e n c e  
c l e a r l y  indicates t h a t  e u t r o p h l c a t i o n  1s an  impor la r i t  
and widespread  problem,  a  conclusion r e c o g n i z e d  by  a  
consensus  of c o r a l  r e e f  s c i e n t i s t s  (Ginsbe rg  1 9 9 3 ) .  
T h e r e  i s  a l s o  c o n s i d e r a b l e  e v i d e n c e  t h a t  e u t r o p h i c a t i o n ,  
by i t s e l f ,  can  l e a d  t o  a  r e d u c t i o n  i n  r e e f  f i s h  
p o p u l a t i o n s  ( Johannes  19751. Thus, l t  i s  u n l i k e l y  t h a t  
s i m p l y  c o n t r o l l i n g  f i s h i n g  p r a c t i c e s  w i l l  r e s t o r e  
J a m a i c a ' s  r e e f s ,  o r  o t h e r  c o r a l  r e e f s  b e i n g  lmpac ted  by 
s e v e r e  e u t r o p h r c a L i o n .  More i m p o r t a n t l y ,  t h e  r e a l i t y  of 
l a r g e - s c a l e  c o a s t a l  e u t r o p h i c a t i o n  needs  t o  b e  v i g o r -  
o u s l y  c o n f r o n t e d  by s c i e n t i s t s  and r e s o u r c e  managers 
a l i k e ,  b o t h  i n  Jamaica and worldwide.  
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